Electroless plating involves sensitization, activation, and plating processes. Sensitization and activation are conducted by dipping the substrate in SnCl 2 solution and PdCl 2 solution, respectively. These pretreatment processes are required to plate the substrate with noncatalytic surfaces. We investigated the effect of sensitization on the magnetic properties of FeCoNi@graphene hybrids prepared via electroless plating. The solution concentrations during sensitization were varied to observe changes in the structural, morphological, and magnetic properties of FeCoNi@graphene using XRD, TEM, and VSM, respectively. Sensitization under high concentration produced a large amount of SnO 2 , resulting in low saturation magnetization. Further, the FeCoNi@graphene hybrid prepared via electroless plating without sensitization also exhibited low saturation magnetization owing to the formation of oxides and hydroxides. We prepared FeCoNi@graphene with a saturation magnetization of 40.8 emu/g under sensitization at low concentration; this is the highest saturation magnetization among the reported magnetic material@graphene hybrids prepared via electroless plating. This study provides guidelines for the pretreatment of graphene via electroless plating and should contribute to future studies on the synthesis of magnetic material@graphene hybrids.
Introduction
Soft magnetic alloys are used in electromagnetic absorbers [1, 2] , transformers [3] , and magnetic sensors [4, 5] owing to their satisfactory soft magnetic properties including high saturation magnetization, low coercivity, and high permeability [6] [7] [8] [9] . When magnetic materials are hybridized using graphene, the combination of the recoverable characteristics of the magnetic material and the surface characteristics of graphene can maximize their utility in various applications such as recoverable catalysts [10, 11] . Magnetic material@-graphene hybrids are synthesized using various chemical methods [12] [13] [14] [15] [16] . However, additional reduction processes are required to obtain hybrid materials of graphene and metallic magnetic materials with higher saturation magnetization [1, 11, 13, 17] .
Electroless plating is widely used in the industry to prepare metal-coated substrates because it affords several advantages: (1) it does not require external power, unlike the electroplating method; (2) a material can be coated on an insulating substrate; and (3) metals can be coated on a substrate without an additional reduction process, unlike in other chemical synthesis methods. Studies have been conducted regarding electroless plating to grow metal nanoparticles on graphene without heat treatment [13, 15, [18] [19] [20] . For example, nanoparticles of noble metals such as Pt, Pd, Au, and Ag have been grown on graphene via electroless plating [14, 16, 18, [21] [22] [23] . Recently, magnetic particles including nickel [24] and nickel cobalt nanoparticles [21] were grown on graphene by electroless plating. Therefore, electroless plating can be used to prepare magnetic metal@graphene hybrids without heat treatment.
Electroless plating involves three steps: sensitization, activation, and plating. During sensitization and activation, tin and Pd are grown on the substrate; Pd is used as a catalyst. The effect of sensitization on the electroless plating of conventional materials was well reviewed by Wei and Roper [25] . However, the effect of sensitization on the electroless plating of graphene should be different from that for conventional macroscale materials. For the latter, the amounts of tin, Pd, and plated metal are much smaller than that of the substrate, whereas for the former, these amounts could be greater than that of graphene owing to the high specific surface area of graphene. In particular, if excess tin and Pd are produced on the graphene surface during the pretreatment processes, the saturation magnetization of the magnetic metal@graphene hybrids will decrease because tin and Pd have low magnetism. Therefore, it is reasonable to assume that pretreatments for electroless plating would affect the magnetic properties of the magnetic metal nanoparticle@graphene. Although certain studies have investigated metal@graphene hybrids prepared via electroless plating, few studies have analyzed the effect of pretreatments on graphene.
In this study, we investigated the effect of sensitization on FeCoNi@graphene hybrids synthesized by electroless plating. FeCoNi was selected because of the high saturation magnetization of FeCo and high corrosion stability of Ni. The atomic ratio of Fe : Co : Ni is 13 : 77 : 10, which was used in our previous work for the electroless plating of FeCoNi on the surface of carbon fibers (CFs) [2] . We prepared a series of sensitized graphenes by controlling the concentration of the sensitizing solutions. The FeCoNi@graphene hybrids were structurally and magnetically analyzed by transmission electron microscopy (TEM), X-ray diffraction (XRD), and with a vibrating sample magnetometer (VSM). It was observed that excess sensitization induces a large amount of SnO 2 nanoparticles and increases the overall mass, thereby reducing the saturation magnetization. Further, sensitization-free FeCoNi@graphene hybrids demonstrated low saturation magnetization, indicating that sensitization is required to grow highly magnetic metals. When the FeCoNi@graphene hybrid was prepared under the lowest sensitization concentration, the saturation magnetization of the hybrid was 40.8 emu/g, which is the highest saturation magnetization among the reported magnetic@graphene hybrids prepared by electroless plating. This study provides chemical insights into the electroless plating of metal nanoparticle@graphene hybrids for realizing the mass production of functional magnetic hybrids.
Materials and Methods

Electroless Plating.
Before electroless plating, sensitization and activation are required. First, 100 ml of waterdispersed graphene paste (2 wt%, Mexplorer) was sensitized in 1,000 ml of SnCl 2 (98%, Alfa Aesar) aqueous solutions (pH 1) for 30 min at 45°C. The water-dispersed graphene was partially oxidized to allow dispersion in water; nevertheless, it possessed the sp 2 conjugation. Therefore, in this work, it is referred to as "graphene," not graphene oxide. The SnCl 2 concentration was varied from 0.2 to 20 g/l. We denote the sensitized graphene treated using the SnCl 2 solution with a concentration of n g/l as Sn@G(n). The sensitized graphene was filtered and subsequently activated in 1,000 ml of PdCl 2 (Kojima Chemicals Co. Ltd.) aqueous solution (pH 1) with a concentration of 0.2 g/l for 30 min at 45°C.
The activated graphene was obtained by filtering, washing, and dispersing in 500 ml of water. We denote the activated graphene treated by the PdCl 2 solution as Pd@G(n). To compare the effects with and without sensitization, we synthesized the Pd-grown graphene without sensitization. Because Pd nanoparticles have rarely been grown on a graphene surface without tin, we used previously reported conditions to achieve this [26] . For this, 100 ml of water-dispersed graphene paste was mixed with 1,000 ml of the H 2 PdCl 4 aqueous solution at a concentration of 0.282 g/l for 30 min at 0°C. The sensitization-free activated graphene was denoted as Pd@G(0). The electroless plating solution contained 0.26 M borane dimethylamine complex (DMAB, 97%, Alfa Aesar), 0.2 M sodium tartrate (99%, Alfa Aesar), 0.05 M trisodium citrate (99%, Alfa Aesar), 0.05 M phosphorous acid (97%, Alfa Aesar), 0.2 M ammonium sulfate (98+%, Alfa Aesar), and 0.07 M metal sulfate heptahydrate (cobalt (II) sulfate heptahydrate (Junsei Chemical Co. Ltd.), iron (II) sulfate heptahydrate (Junsei Chemical Co. Ltd.), and nickel (II) sulfate heptahydrate (Sigma-Aldrich), with the molar ratio of Co : Fe : Ni at 77 : 13 : 10). The pH of the plating solution was 6.5, and it was controlled by the addition of sodium hydroxide (>98%, Samchun Chemical Co. Ltd.). A total of 500 ml of the plating solution was mixed with the activated graphene-dispersed suspension and stirred for 30 min at 75°C. After electroless plating, the FeCoNi@graphene hybrid was filtered using a magnetic bar and washed twice. The hybrid materials are denoted as FCN@G(n). The weight ratio of FeCoNi to graphene in FCN@G was 1 : 1 in this experiment.
Characterizations.
The morphologies of the hybrid materials were examined by field-emission scanning electron microscopy (FE-SEM; JEOL JSM-7610F) at an accelerating voltage of 15.0 kV and TEM (Hitachi HF-3300) at an accelerating voltage of 300.0 kV. The saturated magnetization of the hybrid materials was measured using a VSM (7407 Series VSM, Lake Shore Cryotronics Inc.) at room temperature. The X-ray diffractograms of the FeCoNi@gra-phene were recorded in the reflection mode, which is a standard procedure for XRD measurements, using Ni-filtered Cu-Kα radiation (λ f = 0 154184 nm) on a D/Max 2500 (Rigaku). Thermogravimetric analysis (TGA) was conducted under air flow at the heating rate of 10°C/min using a STARe system (Mettler Toledo). The functional groups were determined by X-ray photoelectron spectroscopy (K-Alpha+ XPS System, Thermo Fisher Scientific).
Results and Discussion
The graphene used in this experiment was partially oxidized graphene. Figure 1 shows the hydroxyl and carboxyl groups of the graphene, which enable its dispersion in water. To investigate the effect of the amount of Sn/SnO 2 , we first analyzed the ratio of SnO 2 to graphene. This ratio could be obtained via TGA because graphene degrades at approximately 600°C in air (Figure 2(a) ). Typically, the concentration of a SnCl 2 solution should be high for sensitization. For example, in our previous work, we used 20 g/l of SnCl 2 solution to sensitize the surface of CFs. When 20 g/l of sensitization solution was used for graphene, a large amount of residue was obtained after calcination, indicating that several SnO 2 nanoparticles were grown on the graphene surface during sensitization. By contrast, when CFs were sensitized with the same concentration, the ratio of SnO 2 nanoparticles on CFs was considerably smaller than that on graphene. This indicates that Sn precursors grew effectively on the graphene surface. This difference in sensitization between conventional macroscale materials and graphene will lead to different results in electroless plating. In particular, excess SnO 2 increases the mass of the entire hybrid material, thereby reducing the saturation magnetization. Unlike during sensitization, the activation process rarely increases the mass of graphene (Figure 2(b) ). Therefore, we focus on investigating the sensitization of graphene to obtain highly magnetized hybrid materials.
We calculated the theoretical ratio of SnO 2 assuming that all SnCl 2 was converted into SnO 2 . Notably, the experimentally obtained ratio of SnO 2 is similar to the theoretical ratio of SnO 2 when the SnCl 2 concentration is 0.2-2 g/l (Figure 2(c) ), implying that almost all Sn precursors are grown on the graphene surface. At higher concentration, the experimentally obtained SnO 2 ratio is smaller than the theoretically obtained one because the graphene surface is already covered with SnO 2 . TEM images indicate that SnO 2 nanoparticles with sizes of 3-4 nm grew on the graphene surface (Figure 3) . While a small amount of SnO 2 nanoparticles was observed in Sn@G(0.2), most of the surface of Sn@G(2) was already covered by SnO 2 nanoparticles; this is in agreement with previous TGA results.
The XRD results demonstrated that the intensity of the (110), (101), and (211) peaks of SnO 2 increased as the SnCl 2 concentration increased. In contrast, the (002) peak of graphite was observed when a low-concentration SnCl 2 solution was used for sensitization (Figure 4(a) ). The (002) graphite peak indicates that Sn@G(0.2) tends to restack and form graphite because the surface coverage of SnO 2 in Sn@G(0.2) is low. Journal of Nanomaterials Thus, a low-concentration SnCl 2 solution is appropriate for increasing the saturation magnetization by reducing excess SnO 2 ; however, the low surface coverage of SnO 2 may induce restacking and poor Pd growth during activation. Therefore, we prepared three activated graphene samples to observe the effect of the SnCl 2 concentration and sensitization: (1) 20 g/l sensitization condition (Pd@G(20)), (2) 0.2 g/l sensitization condition with exceedingly low concentration (Pd@G(0.2)), and (3) sensitization-free activated graphene (Pd@G(0)). The activated graphene samples were analyzed and used for the subsequent plating. TEM images of Pd@G (20) indicate the growth of largesized (>20 nm) Pd nanoparticles ( Figure 5(a) ), which correspond to the sharp Pd (111) peak of Pd@G (20) in the XRD pattern (Figure 4(b) ). Small-sized Pd nanoparticles (2-5 nm) are uniformly distributed on the surface of graphene in Pd@G(0) (Figure 5(c) ), which correspond to the sharp Pd (111) peak in the XRD pattern (Figure 4(b) ). However, it is difficult to observe Pd nanoparticles in the TEM images of Pd@G(0.2) (Figure 5(b) ). The gray spots in the inset of Figure 5 (b) are SnO 2 particles, not Pd nanoparticles. These correspond to the exceedingly small and broad Pd (111) peak observed in the XRD pattern (Figure 4(b) ). To determine which Pd nanoparticles are appropriate for the preparation of a highly magnetic graphene hybrid, plating was conducted using the three Pd@G samples.
After plating, the surface of the FeCoNi@graphene hybrid consisted of FeCoNi nanoparticles and an exposed graphene surface (Figures 5(d)-5(f)) ; therefore, the hybrid materials are appropriate for demonstrating both the magnetic performance and the features of graphene such as adsorption of pollutants or sensing properties. TEM images indicate that several FeCoNi nanoparticles of FCN@G (20) are aggregated on a specific area ( Figure 5(d) ). Nonuniformly distributed Pd nanoparticles of Pd@G (20) would produce nonuniformly distributed FeCoNi nanoparticles. Moreover, the crystallinity of the FeCoNi nanoparticles of FCN@G (20) is somewhat low (Figure 4 [27] [28] [29] . It is believed that oxides degrade the magnetic properties.
The saturation magnetization of various FeCoNi@gra-phene samples was evaluated using a VSM ( Figure 6 ). As expected, the hybrids sensitized at a lower concentration exhibited higher saturation magnetization. However, when sensitization was omitted altogether, the saturation magnetization was lower owing to the formation of oxides and hydroxides. The highest saturation magnetization (40.8 emu/g) was obtained when the concentration of the sensitization solution was 0.2 g/l. The saturation magnetization of 40.8 emu/g is high, considering that the ratio of FeCoNi to graphene is only 1 : 1 and heat treatment or high-temperature reduction processes were not applied. Compared with the saturation magnetization of previously reported magnetic@graphene hybrids (Ni@RGO (11.05 emu/g) [24] and FeNi@RGO (2 : 1, 21.1 emu/g) [30] ) prepared via electroless plating, that of Consequently, to synthesize FeCoNi@graphene hybrids with a high saturation magnetization via electroless plating, the SnCl 2 solution concentration during sensitization should be low but not zero to reduce the excess residual SnO 2 and properly grow the Pd nanoparticles. The results indicate that the properties of other metal-graphene hybrid materials prepared via electroless plating can also be controlled.
Conclusions
We investigated the effect of sensitization on the morphological, structural, and magnetic properties of FeCoNi@gra-phene hybrids prepared by electroless plating. Because SnCl 2 is easily converted to Sn nanoparticles on the graphene surface, a high-concentration SnCl 2 solution generates excess SnO 2 , thereby decreasing the saturation magnetization. In contrast, if sensitization is not performed, the growth of Pd proceeds in an entirely different manner. As a result, the obtained hybrid material exhibits a large amount of oxides and low magnetic property. Therefore, we can conclude that a low-concentration SnCl 2 solution is appropriate for the electroless plating of graphene. The characteristics of the nanoparticle@graphene hybrids obtained via electroless plating are significantly affected by sensitization because the growth behavior of Sn on graphene differs from that on the substrate used in conventional electroless plating owing to the large surface area of graphene. This study contributes to the synthesis of magnetic nanoparticle@graphene hybrids with the highest saturation magnetization based on a commercially available method. The mass-produced magnetic nanoparticle@graphene hybrids can be used for electromagnetic wave absorption in future studies.
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